Introduction
============

Refractive development describes a critical period of early post-natal development in which visual input influences the match between eye growth and optical power. Emmetropia or zero refractive error describes a perfect match of optical power and length of the eye such that the image is focused on the retina. A mismatch of power and axial length produces either myopia, where the visual image forms in front of the retina, or hyperopia, where the visual image forms behind the retina. Abnormal refractive development most commonly results in myopia. The prevalence of myopia continues to rise, reaching 42% in the US \[[@r1]\] and as high as 96% in Asian countries \[[@r2]\]. The reason(s) for the increased prevalence of myopia are unknown, although genetic and environmental factors have been shown to influence refractive development \[[@r3]-[@r6]\].

Several systemic and ocular diseases have been associated with refractive errors (reviewed in \[[@r7]\]). Albinism, Cohen syndrome, Down syndrome, and Marfan syndrome are all associated with high myopia \[[@r7]\]. Furthermore, myopia is often associated with ocular abnormalities, such as cataracts, glaucoma, chorioretinal abnormalities, and optic disc abnormalities \[[@r8]\]. Refractive errors are often much more variable in patients with retinal diseases (reviewed in \[[@r9]\]). In the case of patients with the complete form of congenital stationary night blindness, refractions are highly myopic \[[@r10]\]. Patients with congenital stationary night blindness have a mutation in *NYX* that disrupts visual transmission between rods and ON bipolar cells. A mouse sharing the same mutation was more susceptible to form deprivation myopia \[[@r11]\]. Infants with retinopathy of prematurity have a paradoxical association of decreased eye growth and myopic refractions; this effect is also found in the retinopathy of prematurity rat model \[[@r12]\].

Patients with retinal degeneration also have characteristic refractive errors. For instance, hyperopia correlates with increased risk of age-related macular degeneration \[[@r13]-[@r15]\] and is found in patients with Leber congenital amaurosis \[[@r9]\]. Alternatively, cone-rod dystrophy has been associated with myopia \[[@r16],[@r17]\]. The incidence of myopic refractive errors in patients with retinitis pigmentosa (RP) is 75%, while patients with the X-linked form of RP reach 95% \[[@r18]\]. The underlying cause of these associations is not known. Genetically altered mice may offer a tool for examining the mechanistic link between retinal degeneration and refractive development.

*Pde6b^rd1/rd1^ (rd1)* and *Pde6b^rd10/rd10^* (*rd10*) mice are two mouse models frequently used to study mechanisms of photoreceptor degeneration since these models share mutations with patients with RP \[[@r19],[@r20]\]. These two models have a mutation in the *Pde6b* gene that encodes the β-subunit of cyclic nucleotide phosophodiesterase-6, with *rd1* mice having a non-sense mutation in exon 7 of *Pde6b* \[[@r21],[@r22]\] and *rd10* mice with a missense point mutation in exon 13 of *Pde6b* \[[@r23]\]. The *rd1* mice were the first photoreceptor degeneration model to be described \[[@r24],[@r25]\] and are characterized by fast rod degeneration followed by cone degeneration. In the *rd1* mice, the rods never fully develop before the onset of degeneration at postnatal day 8 (P8). Rod degeneration is complete by P20 with cones still viable past 18 months of age \[[@r26]-[@r29]\]. The *rd10* mice were first described in 2002 \[[@r30]\] and have a slower rate of rod degeneration, which starts at P16 with rods eliminated by P60 \[[@r23],[@r31],[@r32]\] and cones degenerating more slowly and still present past 9 months of age \[[@r31]\]. Interestingly, dopamine, a proposed "stop signal" in refractive development \[[@r33]\], has been reported to decrease in retinal degeneration \[[@r34]-[@r37]\]. The depressed level of dopamine in these degenerative models provides a potential mechanism for increased association/prevalence of myopia in human patients with retinal degenerative disorders.

In these studies, we examined whether retinal degeneration influences refractive development under normal visual conditions and alters susceptibility to form deprivation myopia. Experiments were performed starting at 4 weeks of age when rod photoreceptors were degenerated in the *rd1* mice \[[@r26]-[@r28]\] or at the peak of apoptosis in the *rd10* mice \[[@r31]\]. We correlated the levels of steady-state dopamine and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) with the changes in eye size during unaltered or form deprivation visual conditions to further delineate whether dopamine activity or some other aspect of retinal degeneration affected visually driven eye growth.

Methods
=======

Animals and experimental design
-------------------------------

Animals used in this study were obtained from a breeding colony located at Atlanta Veterans Affairs Medical Center (VAMC). The colony was initiated with the following mice from the Jackson Laboratory (Bar Harbor, ME): wild-type C57BL/6J (WT; strain \#000664), B6.C3-Pde6b^rd1^ Hps4^le^/J (*rd1*; strain \#000002), and B6.CXB1-*Pde6b^rd10^*/J (*rd10*; strain \#004297). No b-wave (*nob*) mice with a mutation in *Nyx* were obtained from an in-house breeding colony. All mice were housed in typical shoe-box cages (7.25 in wide × 11.5 in deep × 5 in high) with chow (Harlan 2018S Teklad Global 18% Protein Rodent Diet, Indianapolis, IN) and water accessible ad libitum. The room was kept under a 12 h:12 h light-dark cycle (12--25 lux). All experiments were approved by the Institutional Animal Care and Use Committee at VAMC and adhered to the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research.

Refractive development of each strain was established by raising mice in unaltered visual conditions and measuring refractive error (WT, n=29; *rd1*, n=17; *rd10*, n=13) and axial length (WT, n=11; *rd1*, n=11; *rd10*, n=10) weekly from 4 to 12 weeks of age. To assess the effect of visual disruption in combination with the loss of photoreceptors, each strain underwent form deprivation (FD) with diffuser goggles. At 4 weeks of age, baseline measurements were recorded, and the mice immediately received a head-mounted diffuser goggle over the right eye, as described previously \[[@r38]\]. Briefly, after anesthesia (ketamine 80 mg/kg; xylazine 16 mg/kg), the skull was exposed, and three screws (4 mm × 0.7 mm) were placed around the intersection of the lambda and sagittal sutures. Acrylic was positioned around the screws and metal tubing that accepts the goggling frame. The goggle consisted of a contact lens uniformly coated with white nail polish. The mice were goggled for either 2 or 5 (WT only) weeks and assessed weekly for refractive error (WT: n=28 goggled, n=21 naïve controls; *rd1*: n=25 goggled, n=17 naïve controls; *rd10*: n=14 goggled, n=14 naïve controls) and axial length (WT: n=17 goggled, n=13 naïve controls; *rd1*: n=13 goggled, n=11 naïve controls; *rd10*: n=14 goggled, n=14 naïve controls). Experimental treatment groups consisted of 4 to 10 independent litters from each strain with no significant differences between litters.

Refractive error
----------------

Refractive error of each mouse was assessed with an eccentric infrared photorefractor customized for the mouse eye by Dr. Frank Schaeffel \[[@r39],[@r40]\]. The pupils were dilated with 1% tropicamide to ensure pupil sizes greater than 1.7 mm \[[@r39]\]. All measurements were done in a dark environment to maximize the detection of light reflected from the mouse pupil. The mouse was placed on a platform 60 cm from the photorefractor, and refractive error values were recorded with a custom software program (Mouse Refract, Version Aug.21, 2009, STZ Biomedizinsche Optik und Funktiosprunfung, Tübingen, Germany). As previously described, refractions were first measured in awake, gently restrained mice to gauge the range of refractions with natural head position \[[@r38]\], followed by sedated refractions (ketamine 80 mg/kg; xylazine 16 mg/kg). For each eye, an average of 50--200 measurements taken under sedation was used for analysis. In some instances, refractive values could not be obtained after sedation due to abnormal pupil reflections (i.e., irregular tear-film), and awake mouse recording values were used.

Axial length measurements
-------------------------

Axial length measurements were obtained using two methods: partial coherence interferometry (PCI) and 1310 nm spectral domain-optical coherence tomography (SD-OCT). Following the awake measurements of refractive error and before the sedated refractions, axial length was measured with a custom-built PCI modified for the mouse eye \[[@r41]\]. Mice were placed in a restraining tube with their head secured by a clamp that attached to a head pedestal \[[@r41]\]. Thus, all mice undergoing PCI measurements received a head pedestal, similar to the one used to hold the goggle frame in the form deprivation group, to maintain position in the PCI. Using the Purkinje image as a reference, the PCI aiming laser was centered on the eye, and the measuring laser was directed into the eye. The reflected laser peaks were analyzed to determine the length of the eye from the anterior surface of the cornea to the retinal pigment epithelium/Bruch membrane interface \[[@r41]\].

Axial length was also measured using 1310 nm SD-OCT (Bioptigen, Durham, NC), as previously described \[[@r41]\]. Briefly, anesthetized mice were stabilized in a heated (36 °C) holder using a bite bar. A radial scan was performed first to aid in proper alignment in the center of pupil. A total of 100 scans were collected from five recordings (20 scans each) for each eye. Following the testing, mice were injected with yohimbine (2.1 mg/kg) to reverse the effects of xylazine to speed recovery and prevent corneal lesions \[[@r42]\].

Axial length was measured by placing calipers on the captured SD-OCT images using commercial software (Bioptigen), as previously described \[[@r41]\]. Axial length was measured from the anterior surface of the cornea to the retinal pigment epithelial/choroid interface. Some mice underwent PCI and SD-OCT measurements while others had only SD-OCT imaging. Since the PCI and SD-OCT measurements have good agreement \[[@r41]\], values from the instruments were averaged together to create an average value per eye.

Retinal dopamine quantification
-------------------------------

Steady-state levels of dopamine (DA) and DOPAC were measured using high-performance liquid chromatography with coulometric detection, as previously described \[[@r43]\]. Briefly, mice were euthanized by cervical dislocation 4--6 h into the light cycle and retinas frozen immediately on dry ice. Retinas were homogenized (0.1 N HClO~4~ containing 0.01% sodium metabisulfite and 50 ng/mL internal standard 3, 4 dihydroxybenzylamine hydrobromide) and centrifuged. The DA and DOPAC levels were determined in the supernatant fraction with high-performance liquid chromatography with coulometric detection. For analysis, the DA and DOPAC levels were compared between strains, combining ages from 4 to 12 weeks (WT, n=19; *rd1*, n=12; *rd10*, n=13; two to six retinas taken every 2 weeks). For the FD-treated animals, retinas were collected 48 h following the measurements at 2 weeks of goggling (WT: n=3 goggled, n=6 naïve control; *rd1*: n=14 goggled, n=11 naïve control; *rd10*: n=8 goggled, n=10 naïve control).

Data analysis
-------------

All statistical analysis of the WT, *rd1*, and *rd10* mice in each experiment was performed with commercial software (SigmaStat 3.5, Aspire Software International, Ashburn, VA). For refractive error and axial length data on non-form deprivation eyes, the right eye and left eye measurements were averaged together to create a single value for each mouse. In the form deprivation group, the differences between the treated and untreated eyes were used to compare myopic shift across age. Axial length measurements were normalized to individual axial lengths at 4 weeks of age (baseline) to remove any effects of differences in body size on eye size \[[@r44]-[@r46]\] and the differences between the goggled and opposite eyes were calculated to determine axial shift. Comparisons between different strains and treatment groups were analyzed with repeated-measures analysis of variance (RM-ANOVA) or one-way ANOVA and Holm-Sidak post-hoc tests to determine significance in strains, age, and their interaction (p\<0.05). The values at each time point are expressed as mean±standard error of the mean (SEM). Pearson's correlation was performed between dopamine, DOPAC, and DOPAC/dopamine ratios versus myopic or axial shift in all three strains, plus the *nob* mice. The data from the *nob* mice were previously published \[[@r11]\] with supplementation of additional data for a total of n=33 for myopic shift, n=18 for axial length shift, and n=72 for dopamine data.

Results
=======

Refractive development with normal visual input
-----------------------------------------------

### Relative hyperopic refractions in rd1 and rd10 mice

From 4 to 12 weeks of age, the *rd1* and *rd10* mice had significantly more hyperopic refractions compared to the WT mice when raised in normal laboratory conditions ([Figure 1A](#f1){ref-type="fig"}; RM- ANOVA, main effect of treatment, F~(2,501)~=76.3, p\<0.001). However, no differences were detected between the *rd1* and *rd10* mice at any age. At 4 weeks of age, the WT mice had refractions of 4.47±0.35 D, while the *rd1* and *rd10* mice were approximately 5 diopter (D) more hyperopic (9.44±0.75 D and 9.82±0.46 D, respectively). All strains showed an increase in refractive error from 4 to 8 weeks of age with the WT mice shifting an average of 4.23 D (8.70±0.24 D at 8 weeks old) and the *rd1* and *rd10* mice shifting 3.6 and 3.8 D, respectively (*rd1* 13.00±0.27 D; *rd10* 13.62±0.29 D). From 8 to 12 weeks of age, refractions in the WT mice plateaued between 8 and 9 D ([Figure 1A](#f1){ref-type="fig"}), while the *rd1* and *rd10* mice plateaued between 11 and 13 D ([Figure 1A](#f1){ref-type="fig"}; 12 week refractions: *rd1*, 11.77±0.38 D; *rd10*, 12.11±0.30 D).

![Refractive development of wild-type, *rd1*, and *rd10* mice. **A**: *Rd1* and *rd10* mice have more hyperopic refractions compared to wild-type (WT) control mice throughout the development period (repeated-measures analysis of variance \[RM-ANOVA\], main effect of treatment, F~(2,501)~=76.3, p\<0.001). No statistical differences were found between *rd1* and *rd10* mice (WT, n=29; *rd1*, n=17; *rd10*, n=13). **B**: Axial length measurements were significantly shorter by 7 weeks of age in *rd1* and *rd10* mice compared to WT (RM-ANOVA F~(16,\ 252)~=6.95, p\<0.001; WT, n=11; *rd1*, n=11; *rd10*, n=10). Data are expressed as mean±standard error of the mean (SEM). Post-hoc analysis: \*p\<0.02; \*\*p\<0.001.](mv-v19-2068-f1){#f1}

### Shorter axial lengths in rd1 and rd10 mice

All three strains had similar axial lengths at 4 weeks of age followed by a slower rate of growth in the *rd1* and *rd10* mice that resulted in significantly longer eyes in the WT mice at 7 weeks ([Figure 1B](#f1){ref-type="fig"}; RM-ANOVA F~(16,\ 252)~=6.95, p\<0.001). At 4 weeks of age, the WT mice measured 3.06±0.02 mm, while the *rd1* and *rd10* mice had similar lengths of 3.06±0.01 and 3.04±0.03 mm, respectively. At 7 weeks, the WT mice had axial lengths of 3.22±0.01 mm, while the *rd1* and *rd10* mice had significantly shorter eyes (3.17±0.01 and 3.18±0.03 mm; post-hoc p=0.02). At 12 weeks, the WT eyes were significantly larger than the *rd1* and *rd10* eyes ([Figure 1B](#f1){ref-type="fig"}; WT: 3.36±0.01mm, *rd1* 3.29±0.01, *rd10* 3.29±0.02mm; post-hoc p\<0.002).

Form deprivation visual conditions
----------------------------------

### Greater susceptibility to form deprivation myopia in rd1 and rd10 mice

As previously reported \[[@r11]\], the WT mice showed a significant and progressive myopic shift with form deprivation ([Figure 2A](#f2){ref-type="fig"}; RM-ANOVA F~(5,253)~=3.49, p=0.005). After 1 week of FD, the goggled eyes were 1.59±0.43 D more myopic than the contralateral eyes, which further decreased to 3.81±0.48 D after 5 weeks of FD. Age-matched naïve WT mice had only 0.25±0.17 D difference between eyes across the same treatment period.

![Refractive error changes (difference between right and left eyes) in wild-type, *rd1*, and *rd10* mice after form deprivation, starting at 4 weeks of age. **A**: Wild-type (WT) mice developed a significant myopic shift in goggled eyes by 1 week that steadily increased across the 5 weeks of form deprivation (FD; repeated-measures analysis of variance \[RM-ANOVA\] F~(5,253)~=3.49, p=0.005). **B**: *Rd1* mice developed a larger myopic shift than naïve controls after 1 week of goggling that further increased after 2 weeks of FD (RM-ANOVA, F~(2,111)~=6.97, p=0.002). **C**: *Rd10* mice developed a dramatic myopic shift that was significantly different from that of the controls after 2 weeks of goggling (RM-ANOVA, F~(2,81)~=9.12, p\<0.001). **D**: After 2 weeks of goggling, the *rd1* and *rd10* mice had significantly greater myopic shifts than the WT mice (ANOVA, F~(2,118)~=8.69, p\<0.001; WT: n=28 goggled, n=21 naïve controls; *rd1*: n=25 goggled, n=17 naïve controls; *rd10*: n=14 goggled, n=14 naïve controls). Symbols and bars represent average±standard error of the mean (SEM). Post-hoc analysis: ^\#^p\<0.05; \*p\<0.02; ^+^p\<0.005; \*\*p\<0.001.](mv-v19-2068-f2){#f2}

In comparison, the *rd1* mice responded to FD with a significant myopic shift of −6.14±0.62 D by 2 weeks post goggling, compared to the untreated *rd1* controls, which showed a difference of −1.32±0.87 D between the eyes after 2 weeks ([Figure 2B](#f2){ref-type="fig"}; RM-ANOVA, F~(2,111)~=6.97, p=0.002). *Rd10* mice showed a similar response to FD as the *rd1* mice. A significant myopic shift of −7.38±1.46 D was measured in the *rd10* mice with FD compared to a difference of 0.53±0.87 D between the eyes of the untreated control mice ([Figure 2C](#f2){ref-type="fig"}; RM-ANOVA, F~(2,81)~=9.12, p\<0.001).

The *rd1* and *rd10* mice had a significantly faster and more robust response to FD than the WT mice ([Figure 2D](#f2){ref-type="fig"}; ANOVA, F~(2,118)~=8.69, p\<0.001). Although a −6--7 D myopic shift was observed in the *rd1* and *rd10* mice after only 2 weeks of FD, the WT mice only shifted by \< −3 D. No differences in refractive shifts were found in the FD response between the *rd1* and *rd10* mice or between eyes in the untreated control mice.

### Axial length changes with form deprivation myopia

After 2 weeks of form deprivation, the WT mice showed only a slight trend for greater axial shifts (difference between the two eyes normalized to baseline) in the goggled versus the control eyes ([Figure 3A](#f3){ref-type="fig"}; 0.004±0.010 and 0.00±0.008 mm, respectively). With the same goggling treatment, the *rd1* mice had a larger, but non-significant trend for longer axial lengths shifts between the eyes from baseline after 1 and 2 weeks of goggling ([Figure 3B](#f3){ref-type="fig"}; goggled axial shift from baseline: 0.034±0.013 mm; control axial shift from baseline 0.012±0.015 mm). The axial shifts in the *rd10* mice were slightly larger in the goggled versus control eyes after 1 week of FD (0.002±0.010 and −0.011±0.007 mm, respectively), but not at 2 weeks ([Figure 3C](#f3){ref-type="fig"}; −0.002±0.008 and −0.005±0.004 mm, respectively). A comparison of the axial shift from baseline after 2 weeks of FD in the goggled mice of all three genotypes compared to control revealed a trend for all goggled eyes to have longer eyes than the corresponding controls ([Figure 3D](#f3){ref-type="fig"}; WT: \>1200%, *rd1*: \>170%, *rd10*: \>60% longer).

![Axial length shifts (goggled minus opposite eyes) from baseline in wild-type, *rd1*, and *rd10* mice after form deprivation. **A**: Wild-type (WT) mice developed a weak trend for longer axial length shifts in goggled eyes compared to controls. **B**: *Rd1* mice showed a trend for longer axial length shifts after 1 week of goggling that further increased after 2 weeks of form deprivation (FD). **C**: The goggled eyes of *rd10* mice showed no differences compared to the naïve controls after 2 weeks of goggling. **D**: After 2 weeks of FD, the goggled WT and *rd1* eyes had slightly longer axial length shifts from baseline compared to the naïve control eyes (WT: n=17 goggled, n=13 naïve controls; *rd1*: n=13 goggled, n=11 naïve controls; *rd10*: n=14 goggled, n=14 naïve controls). Symbols and bars represent average±standard error of the mean (SEM).](mv-v19-2068-f3){#f3}

Influence of dopamine on refractive development in *rd1* and *rd10* mice
------------------------------------------------------------------------

### DOPAC levels decreased in rd1 and rd10 mice

With normal visual input, retinal dopamine metabolism was significantly decreased in the *rd1* and *rd10* mice compared to the WT mice, as indicated by the low levels of DOPAC, the primary dopamine metabolite in the retina ([Figure 4A](#f4){ref-type="fig"}; F~(2,43)~=70.37, p\<0.001). In contrast, the dopamine levels were similar between the WT and *rd1* mice and significantly greater in the *rd10* mice ([Figure 4B](#f4){ref-type="fig"}; F~(2,43)~=11.72, p\<0.001). The DOPAC/dopamine ratio, an indicator of dopamine turnover, was also significantly decreased in the *rd1* and *rd10* mice compared to the WT mice ([Figure 4C](#f4){ref-type="fig"}; F~(2,43)~=88.47, p\<0.001).

![Dopamine and 3,4-dihydroxyphenylacetic acid levels in wild-type, *rd1*, and *rd10* retinas with normal visual experience. **A**: 3,4-dihydroxyphenylacetic acid (DOPAC) levels were significantly lower in the *rd1* and *rd10* retinas compared to the wild-type (WT) retinas (analysis of variance \[ANOVA\] F~(2,43)~=70.37, p\<0.001). **B**: The dopamine levels were significantly higher in the *rd10* retinas compared to the WT or *rd1* retinas (ANOVA F~(2,43)~=11.72, p\<0.001). **C**: The DOPAC/dopamine (DA) ratio was significantly lower in the *rd1* and *rd10* retinas compared to the WT retinas (F~(2,43)~=88.47, p\<0.001; WT, n=19; *rd1*, n=12; *rd10*, n=13). Each bar represents the standard error of the mean (SEM). Post-hoc analysis: \*\*p\<0.001.](mv-v19-2068-f4){#f4}

### Dopamine and myopia susceptibility in rd1 and rd10 mice

After 2 weeks of form deprivation, the DOPAC and dopamine levels and the DOPAC/dopamine ratios did not significantly change between the goggled and opposite or control eyes in the *rd1*, *rd10*, or WT mice (data not shown). To determine if the endogenous levels of dopamine and DOPAC in the different genotypes influenced myopia susceptibility, we examined the correlation between DOPAC, dopamine, and the DOPAC/dopamine ratio under normal visual conditions with myopic and axial shifts after FD. In addition, to analyze the myopic shift and dopamine levels, we included data on the *nob* mice, which also have altered dopamine levels and increased susceptibility to myopia \[[@r11]\]. [Figure 5](#f5){ref-type="fig"} indicates that decreased dopamine metabolism (DOPAC levels) correlated with greater myopic shifts at nearly significant levels (Pearson's correlation r=0.95, p=0.05). Dopamine turnover (DOPAC/DA ratio) also correlated with greater myopic shifts (Pearson's correlation r=0.88, p=ns), while dopamine was not as closely correlated (Pearson's correlation r= --0.56, r=ns). However, decreased DOPAC, dopamine, and DOPAC/DA ratios were weakly associated with increased axial length shifts from baseline (Pearson's correlation, r= --0.46, r= --0.45, r= --0.35, respectively; p=ns).

![The influence of dopamine levels on form deprivation myopia susceptibility. The 3,4-dihydroxyphenylacetic acid (DOPAC) and dopamine (DA) levels and the DOPAC/DA ratio are the average levels obtained from retinas under normal visual conditions for each strain. These dopamine levels are plotted against the average myopic shift (**A**--**C**) or the axial shift from baseline (**D**--**F**) for each strain. Myopic shift was most strongly correlated with DOPAC levels across strains (Pearson's correlation r=0.94, p=0.05), while basal state DA levels did not predict susceptibility to myopia (Pearson's correlation r=--0.56). DA and DA metabolism (DOPAC levels) showed the strongest correlation with axial length shifts from baseline across strains (Pearson's correlation r=--0.45 and r=--0.46, respectively), although DA turnover (DOPAC/DA ratio) had similar trends (Pearson's correlation r=--0.35). Data for *rd1*, *rd10*, and wild-type (WT) retinas were obtained from this study, while the data from *nob* retinas were a combination of data obtained from \[[@r11]\] and recent additional measurements (n=33 for myopic shift, n=18 for axial length shift, and n=72 for dopamine data). Symbols and bars represent average±standard error of the mean (SEM).](mv-v19-2068-f5){#f5}

Discussion
==========

The *Pde6b* mutation results in altered refractive development in *rd1* and *rd10* mice. Under laboratory conditions, refractive errors were more hyperopic and axial lengths shorter in the *rd1* and *rd10* mice compared to the WT mice. However, the *rd1* and *rd10* mice were more susceptible to form deprivation myopia than the WT mice, developing \>--3 D myopic shift in 1 week and \>--6D in 2 weeks ([Figure 2](#f2){ref-type="fig"}). Interestingly, the mice did not show any significant corresponding axial shifts with form deprivation ([Figure 3](#f3){ref-type="fig"}). Since dopamine has been postulated as an important retinal signal in regulating eye growth, we hypothesize that these changes could be due to alterations in dopamine metabolism in these retinal degeneration models.

Dopamine activity has been reported to be disrupted in several models of retinal degeneration. Although dopaminergic amacrine cells are morphologically intact \[[@r47],[@r48]\], dopamine turnover and light-induced increases in dopamine synthesis are absent \[[@r35]\]. The Royal College of Surgeons (RCS) rat is a model of retinitis pigmentosa with a retinal pigment epithelium defect that begins photoreceptor degeneration at about 12 days of age \[[@r49]\]. RCS rats have increased dopamine and DOPAC levels in response to light onset that is similar to non-dystrophic rats until post-natal day 30 when dopamine and its metabolite become significantly lower \[[@r50],[@r51]\]. Furthermore, treatment with a D1 antagonist failed to elicit a response from horizontal cells in RCS rats, perhaps due to the lower level of dopamine in these retinas creating a floor effect \[[@r36]\]. In *rds−/−* mice, a model of photoreceptor degeneration due to a peripherin mutation, dopamine synthesis and turnover are also low compared to WT, and the typical increase in dopamine with light onset is reduced, as well \[[@r34]\]. In the *rd1* retina, dopaminergic neurons have less spontaneous bursting activity, and only a small population of neurons remain light-sensitive \[[@r48]\]. Many of these reported abnormalities in dopamine activity in retinal dystrophy models occur before photoreceptor degeneration is complete, suggesting early abnormalities in dopaminergic pathways in retinal disease \[[@r34],[@r36]\] that may influence retinal function and refractive development in later periods of life. Thus, early dysfunction in dopamine neurons in the *rd1* and *rd10* mice may establish a retinal environment that predisposes the retina to abnormal refractive development. Under normal visual conditions, the low DOPAC levels, but normal or increased dopamine levels in *rd1* and *rd10* mice, respectively, indicate that dopamine is synthesized, but not metabolized at the same rate as in controls, potentially indicating low dopamine release. Thus, the low level of dopamine metabolism in the *rd1* and *rd10* retinas at the time of goggling (4 weeks of age) may accelerate the myopic response to FD, as suggested by strains with the lowest DOPAC levels having the greatest myopic shifts with form deprivation ([Figure 5A](#f5){ref-type="fig"}). The potential link between dopamine metabolism and myopia susceptibility is further supported by data from the *nob* mice, which lack ON pathway transmission and do not undergo photoreceptor degeneration \[[@r11],[@r52],[@r53]\]. Thus, this effect is not unique to eyes undergoing retinal degeneration.

Axial length is the ocular component most highly correlated with myopic refractions \[[@r3]-[@r5]\]. In this study, we normalized axial length measurements after form deprivation by examining the difference from baseline. We believe this approach allowed for a direct comparison of axial length shifts between genotypes in response to form deprivation because 1) body size is highly correlated with eye size \[[@r44]-[@r46],[@r54]\], 2) murine body size can vary greatly by strain \[[@r55]\], and 3) axial ocular component dimensions are highly heritable \[[@r56]\]. Using this analysis method, axial length shifts showed a trend for larger axial length shifts in the *rd1* mice compared to the WT and *rd10* mice after 2 weeks of goggling. These axial length shifts corresponded to the predicted values based on the measured myopic shift when using the paraxial schematic eye calculations that a 5 micron change in axial length is equivalent to a 1 diopter change in refractive error \[[@r39],[@r57]\]. In the WT mice, the −2.41±0.47 D refractive shift corresponded to a 4±10 µm axial length shift from the baseline, and in the *rd1* mice, a −6.14±0.62 D myopic shift corresponded to a 33±19 µm axial length shift from baseline ([Figure 2](#f2){ref-type="fig"} and [Figure 3](#f3){ref-type="fig"}). However, the *rd10* mice developed the largest refractive shift (−7.38±1.46 D) and yet showed no axial length shifts from baseline (−2±8 µm; [Figure 2](#f2){ref-type="fig"} and [Figure 3](#f3){ref-type="fig"}). This could be due to alterations in other parameters, such as corneal curvature or lens thickness, which may also explain similar axial lengths observed between the WT and *rd* strains with normal development. Another consideration is that the dopamine levels in the *rd10* mice were higher than the WT and *rd1* mice under normal conditions. If dopamine is a regulator of axial length, then perhaps this increase in the "stop" signal reduced the effects of form deprivation.

Although we have focused on the potential role of dopamine activity in these models for regulating eye growth, a reduced or absent number of photoreceptors in the *rd1* and *rd10* mice may also affect refractive development. With the severe degeneration in the *rd1* model, all rod and only a few cone photoreceptors would be present to create a visual signal during the critical period of refractive development; while in the *rd10* model, about 89% of cones would still be viable at P26 \[[@r26]\]. However, this difference in the rate of degeneration and the stage at which goggling occurred did not alter refractive development or the response to form deprivation between the *rd1* and *rd10* mice, suggesting that there may be a prerequisite number of photoreceptors necessary for the response or that another mechanism, such as defects in dopamine metabolism that control refractive development under normal and form deprivation conditions, is responsible. In addition, the similar phenotype observed between the *rd1* and *rd10* mice may indicate that retinal signaling pathway(s) have greater influence on eye growth than actual morphology. Comparisons with other retinal degenerative models that are slower and that have different mutations may provide further insight into the potential role of the photoreceptors in visually driven eye growth.

Retinal degeneration also alters several other growth factors and neurotransmitters that have been implicated in refractive eye growth signaling. For instance, multiple genes are upregulated during the early phases of photoreceptor apoptosis in the *rd10* mice, including fibroblast growth factor 2 \[[@r58]\]. Fibroblast growth factor 2 has been implicated as a regulator of ocular eye growth through scleral remodeling \[[@r59]-[@r61]\] and has been shown to have increased expression in form deprivation guinea pigs \[[@r62]\]. Additionally, Ɣ-aminobutyric acid (GABA)/melanopsin signaling may be enhanced in retinal degeneration, as shown in *rd1* mice \[[@r48]\], and GABA may stimulate eye growth \[[@r63]-[@r65]\].

Remodeling of the inner retinal neurons after the death of photoreceptors has been well established in models of retinal degeneration \[[@r27],[@r31],[@r32],[@r66],[@r67]\]. This remodeling alters normal visual circuitry and potentially influences eye growth signaling. For example, while cell bodies of inner retinal cells remain in *rd1* retinas after rod and cone death at P30, the axonal complexes of rod bipolar cells and horizontal cells are disorganized, and the dendrites are retracted \[[@r27]\]. Similar changes have been reported in the *rd10* mice by P40 \[[@r31],[@r32],[@r68],[@r69]\]. However, other aspects, such as the stratification of the ON and OFF bipolar cell terminals, remain intact in *rd10* mice until 9.5 months of age \[[@r69]\]. In some retinal degeneration models, cholinergic amacrine cells have been shown to undergo synaptic remodeling in late stage disease \[[@r70]\], and cholinergic receptors have been implicated in myopia \[[@r6],[@r71],[@r72]\]. Much of this synaptic remodeling occurs between 30 and 90 days of age and beyond, a critical window for refractive development. Since the signaling pathway(s) underlying refractive development have not been firmly established, it is unknown what alterations in the degenerating retina are most disruptive to eye growth signaling and the timing of these alterations within the critical period for emmetropization.

Furthermore, in [Figure 5](#f5){ref-type="fig"}, the *rd1* and *rd10* mice have larger myopic shifts with FD than the *nob* mice. This might imply that defects in the phototransduction cascade cause more severe myopia and abnormal dopamine activity than a mutation in a second-order neuron protein. Thus, the ability of photoreceptors to respond correctly to light may be more important to signaling eye growth than retinal defects in higher-order signaling components. An evaluation of eye growth and susceptibility of myopia in additional strains with photoreceptor and inner retinal defects is needed to further explore this possibility.

In conclusion, this study indicates that retinal degeneration in the *rd1* and *rd10* mice increased susceptibility to form deprivation myopia, while producing relatively hyperopic refractions under normal visual conditions. Our data support the hypothesis that dopamine activity may act as a "stop signal" for axial eye growth and provides some evidence that basal levels of dopamine activity in the retina may influence the response to visual disruptions, such as form deprivation. The clinical relevance of these results is that retinal degeneration alone may not produce myopia, but provides a risk factor that increases myopia susceptibility when combined with myopigenic visual conditions. Future studies with other mouse models with dopamine defects will provide further evidence of these potential roles of dopamine in refractive development.
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